Abstract
Introduction
One of the key reliability issues of the electronics technology is carry about the solder joints testing. Usually, the different failures can lead back to the not adequate physical properties (e.g. wetting behaviour, mechanical strength, etc.) of the solder alloy and/or the not adequate applied technological processes (e.g. reflow temperature profile), which have to be improved. This challenge was updated in 2006, with the introduction of lead-free solder alloys governed by the RoHS directive of EU [1] . Due to the lead-free limitations, different solder types such as near-eutectic Tin-Silver, Tin-Copper, and Tin-Zinc alloys were produced as replacement for Tin-Lead solder materials. Furthermore, solders with more alloying elements, such as (Tin-Silver-Copper, Tin-Zinc-Silver, Tin-Zinc-Indium) and/or (Tin-Zinc-Silver-Aluminum, Tin-Silver-Bismuth-Copper, TinIndium-Silver-Antimony) were also investigated as replacements for Pb-free types [2] . While, the different qualifying studies of the Pb-free solder alloys are even active topics [3] and one of the issues is carry about humidity induced failures, like electrochemical corrosion [4, 5] . Different results were also published related to novel Pb-free solder alloys in terms of reliability topics, such as solderability [6] , intermetallic layer (IML) investigation [7] , shear force tests [8] , wetting investigations [9] or (solid state physics) migration tests [10] . On the other hand, the investigations of humidity induced failures (like corrosion) of Pb-free solder alloys are not deeply addressed in the scientific publications. In our former publication [11] , various microalloyed Pb-free solders tested in terms of corrosion resistance using electroanalytical tests. In that study [11] different Pb-free solder alloys (four micro-alloyed and a Sn96.5Ag3Cu0.5 alloy as reference) were compared using potentiodynamic polarisation tests. During polarisation tests, the sample (working electrode) is scanned from a cathodic polarisation state, and after reaching the corrosion potential (Ecorr) it begins anodic polarisation. When the sample reaches the passivation potential, if possible a passivation film begins to form on the surface and the current density at this point is called the critical current density (Icrit). After this point the corrosion current density begins to drop to a much lower value. When a compact passivation film is formed on the surface, the corrosion current density becomes stable and this current density is called the passivation current density (Ip). After this point the corrosion remains at the same level and the potential of the sample will increase continually until the potential reaches the breakdown potential. At this point the passivation film begins to break and pitting corrosion happens to the material underneath, resulting in an increase of the corrosion current density. For comparison the I crit or I p parameters were used, hence these parameters have relative high current densities, and therefore they are very characteristic for the electrochemical corrosion processes, such as ion formation, current exchange, etc. According to the results in [11] , one of the micro-alloyed samples showed the highest susceptibility for corrosion, while the other micro-alloyed solder alloys showed a relatively better corrosion parameters compared to SAC305. In this study, we try to find answer for the different corrosion behaviour between the Pb-free solder alloys. For this purpose, new samples were prepared to repeat the polarization (corrosion) tests. The formed corrosion products were investigated by Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) methods. The morphology and the chemical composition of the different corrosion products were investigated.
Experimental 2.1 Sample preparation
A special Pyrex tube was applied with 60 mm height and the inner diameter of the tube was about 20 mm. In the first phase, Pb-free solder materials were heated up to 160 °C to separate the flux and solder. In the second phase, the solder material has reached the melting point and Pb-free solder paste was reflowed. A vacuum chamber and Ar gas were also used to control void formation and oxidation of the surface, respectively. After cooling down, the formed solder samples ( Fig. 1 ) were brushed using a (240 and 4000 grain sizes) silicon-carbide papers to reach flat and "oxide-free" surfaces. The elemental composition of the samples can be seen in Table 1 . The commonly applied Sn96.5Ag3Cu0.5 was selected as reference and the other four types were μ-alloyed Pb-free solder alloys. Furthermore, it is known that fluxes and even the so called "No clean" fluxes are not fully evaporate during the reflow soldering process and therefore they will act as contaminations, which can have a significant impact on the reliability from the corrosion point of view [12] . To ensure the same effect of fluxes, the same flux type was selected in all cases. 
Polarization tests
To study the electrochemical corrosion behaviour of the μ-alloyed solders, electroanalytical investigations were made to reach polarization curves using a VoltaLab PGZ301 polarization equipment (See Fig. 2: 5) . Figure 2 shows the drawing of the measuring platform for potentiodynamic polarisation test, where the counter electrode is platinum (1), working electrode is the cylinder shaped sample made by lead-free solder alloy (2) , and a saturated calomel electrode as a reference electrode (4) with Luggin capillary bridge (3) connected to the test medium, which is 3.5 wt.% NaCl solution (6) . The active area of the working electrode was about 100 mm 2 . Before starting the electroanalytical investigations, the optimal scan range was determined. Therefore, a relative wide potential range between −2000 and 3000 mV was measured firstly and finally the active range was fixed from -1500 mV to +1500 mV. Every electroanalytical tests were started on a fixed potential value (−1500 mV) to ensure an "oxide-free" surface. Furthermore, the positions of the electrodes are also fixed (40 mm distance between working and platinum electrode). In order to obtain the corrosion parameters, the applied scan rate was fixed on 60 mV/min and three measurements were carried out in each cases as well.
After the polarization tests SEM investigations were carried out to study the morphology of the corroded surfaces and the corrosion depth applying cross-sectional samples. To identify the chemical composition of the corrosion products, EDS method was also used.
Results

Polarization tests of the solder alloys
As it was mentioned the polarization test (reported in [11] ) was repeated to ensure the reproducibility. Table 2 contains the main results of the polarization test. According to the critical current density (Icrit) values, the following corrosion ranking was established in [11] (II. is the best):
On the other hand, according to the passivation current density (Ip) values, the following corrosion can be established (II. is the best):
Both results are very characteristic for the corrosion properties and they are in good agreement as well. Based on the ranking results in Table 2 , it can be stated that sample V. showed the lowest corrosion resistance compared to the other solder alloys including SAC305 (reference) as well. Furthermore, the above mentioned corrosion results were also supported by the current polarization test results. However, further study was needed to explain why sample V. was the most critical from the corrosion point of view. Therefore, SEM-EDS investigations were carried out on the corroded products.
SEM-EDS study of the corrosion products
As a first step, after polarization tests the corroded surfaces were observed by SEM. However, there were only little differences between the surface morphology of the solder alloys. Furthermore, similar fishbone-like dendrites were also formed in all a cases. A typical fishbone-like structure can be seen in Fig. 3 and Fig. 4 shows a typical corroded surface.
On the second step, the cross-sectional samples were investigated by SEM to compare the corrosion depths. For the corrosion depth calculation the same magnifications were used in all cases. An example for depth measuring can be seen in Fig. 5 . (1) 
Discussion
According to the corrosion depth measurements, sample II. was the best, while sample V. and sample I. showed the lowest resistance against corrosion. These results (Fig. 6 ) are also in good agreement with the presented corrosion rankings (Eq. (1) and (2)). Interestingly, according to the EDS result a huge volume of Ag (about 10 wt%) was found in the corrosion product in case of sample V. and SAC305. That was one of the most important difference compare to the other samples. Furthermore, in the case of sample V, around 2.6 wt% Bi was also detected in the corrosion product. So, probably the Bi content of the solder alloy has an impact on the corrosion resistance as well. Table 3 shows the summarized EDS results obtained from three different areas: See Fig. 5 and Table 3 . It is known that the bismuth additions can significantly depressed the melting temperature of Sn-Ag-based lead-free solder alloys [13, 14] . Further advantage of adding bismuth into Sn-Ag system solder is the improvement of solder wetting/spreading behaviour [15, 16] . It was also already shown that bismuth and silver can have a significant impact on the corrosion properties in case of Sn-based solder alloy in NaCl solutions [17, 18] . Furthermore, the influence of bismuth addition on the microstructure and the properties of Sn-rich SnAg lead-free solders has been also widely studied [13, [19] [20] [21] [22] [23] . However, the effect of bismuth on the corrosion behaviour in the case of micro-alloyed solder alloy is not deeply addressed in the literature. Therefore, this study was carried out corrosion investigations on lead-free micro-alloyed solder alloys. Finally, it was highlighted that the silver and bismuth content may pose a relative high corrosion risk related to micro-alloyed solder alloys used in electronics. The reason could be that the corrosion potential (Ecorr) is shifted towards less noble values with the addition of bismuth and silver (See Table 2 and [18] ).
To further and even deeper understand the effect of bismuth on the corrosion behaviour, the formed bismuth intermetallic phases and other intermetallic phases have to be investigated. The intermetallic phases have also an influence on the corrosion properties due to the different anodic dissolution rate comparing to the dissolution rates of the pure metals. Namely, the anodic dissolution rate has a significant impact on the corrosion rate as well.
Conclusion
The corrosion properties of different lead-free micro-alloyed solder alloys were investigated using a potentiodynamic polarization tests and SEM-EDS methods. According to the potentiodynamic polarization tests sample V showed highest critical current density and as well as the highest passivation current density (See Table 2 ), which means the bismuth-alloyed (3 wt%) solder alloy showed the weakest corrosion resistance. The corrosion depth results have confirmed that the bismuth bearing (3 wt%) lead-free solder alloy (sample V) have the lowest corrosion resistance compared to the other ones. The lower corrosion resistance can be explained by relevant silver and bismuth contents and volumes, which were detected in the corroded layers by energy dispersive spectroscopy. The reason could be that the corrosion potential (Ecorr) is shifted towards less noble values with the addition of bismuth and silver. So, it was shown that bismuth can have a significant impact on the corrosion behaviour related to Sn-based micro-alloyed solder alloys in 3.5 wt% NaCl solution. Therefore, it can be stated that (silver) and bismuth content may pose a relative high corrosion risk in case of micro-alloyed solder alloys as well.
